A rifampin-resistant, conditionally asporogenous mutant of Bacillus subtilis was isolated that sporulates poorly in Sterlini-Mandelstam sporulation medium, but that sporulates normally in modified Difco sporulation medium. Rifampinresistant (Rifr) and conditional asporogenous (Spoc) phenotypes co-transformed at 100% frequency. Preliminary genetic studies indicated the Rifr trait to lie between cysA14 and ery, a locus (rnp) common to Rifr mutants. Ribonucleic acid polymerase from strains bearing this mutation was found to be rifampin resistant in vitro. The loss of ability to sporulate in Sterlini-Mandelstam medium was found to be corrected, to a large extent, by addition to the medium of arginine, methionine, valine, and isoleucine. Several other amino acids had smaller effects, whereas others had no effect at all. The restorative effect is approximately additive. Growth studies indicated that Rifr strains grew more rapidly than the corresponding parent in minimal medium at temperatures higher than 37 C. Addition of certain amino acids to the medium resulted in identical growth rates at these temperatures. Extracellular protease and esterase activities of the Rifr Spoc mutant were normal. A slight difference was found in the heat sensitivity of partially purified ribonucleic acid polymerase preparations of this mutant compared to the wild type.
One of the earliest biochemical changes observed during the sporulation of Bacillus subtilis in complex sporulation medium was an alteration in the transcribing specificity of the deoxyribonucleic acid (DNA)-dependent ribonucleic acid (RNA) polymerase (10) . This alteration was paralleled by the inability in vivo of sporulating cells to support the growth of phage oe (19) , and by a loss in vitro of the ability of DNA-dependent RNA polymerase to transcribe oe-DNA. It was demonstrated, moreover, that rifampin-resistant mutants that had simultaneously lost the ability to sporulate failed to show these alterations when exposed to a medium which induced sporulation of the wild type (18) .
The finding that mutants bearing lesions in the RNA polymerase had lost their ability to sporulate further stressed the pivotal role of this enzyme in the sporulation process.
We have isolated a rifampin-resistant mutant of B. subtilis that is conditionally asporogenous. We present herein a preliminary characterization of this mutant and discuss its relevance to the elucidation of the sporulation process. I Present address: Dept. of Biology, Wheaton College, Wheaton, Ill. 60187.
MATERIALS AND METHODS
Organisms. The strains used are listed in Table 1 . Media. A double-strength (DDS) medium (Difco), a modification (9) of Schaeffer's sporulation medium (17) , or MLY, a medium containing salts (1), 0.5% glucose, 0.05% yeast extract, 0.3% sodium lactate, and 0.04% vitamin-free Casamino Acids (Difco), was used to grow cells exponentially. Required L-amino acids were added to MLY medium to a final concentration of 50 ug/ml. Sporulation was induced either by permitting cells to enter stationary phase in DDS medium, or by suspending exponential phase cells in Sterlini-Mandelstam (SM) medium (20) , whicii contains glutamate as the sole carbon source.
Except where indicated, growth and sporulation occurred at 37 C (with vigorous aeration). A typical time course of growth and sporulation in both DDS medium and SM medium is shown in Fig. 1 1 [10 mM tris(hydroxymethyl)aminomethane-hydrochloride, pH 7.9; 1 mM ethylenediaminetetraacetate; 10 mM MgCl2; 50 mM KCl; 5% glycerol; 5 mM ,@-mercaptoethanol and 0.3 mg of p-tolylsulfonylfluoride per ml]. Cells were resuspended in the same buffer and disrupted in a Mini-mill (Gifford-Wood Co., Hudson, N.Y.) in the presence of 1 mg of macaloid per ml (National Lead Co., Houston, Tex). The suspension was centrifuged at 12,000 rpm in the cold for 30 min. The sediment was discarded and the supernatant liquid was centrifuged at 127,000 x g in the cold. The resulting supernatant fraction was subjected to 42% ammonium sulfate saturation, and the sediment was discarded. (The pH was maintained at 7 during these operations by periodic addition of 1 M NaOH.) The resulting supernatant fluid was then brought to 62% saturation with ammonium sulfate. The precipitate was suspended in storage buffer (buffer 1 with 50% glycerol). This fraction was applied to a diethylaminoethyl-cellulose column (0.98 mg/ml) and eluted with a 0.05 to 0.5 M linear gradient of KCl in buffer 1. The fractions with activity were pooled, concentrated with a Sartorius membrane filter (Gottingen), added to a Bio-Gel column (Bio-Rad), (1.5 by 64 cm) of grade A5m, 200 to 400 mesh, and eluted with buffer C (4) modified as follows: 50 mM tris(hydroxymethyl)aminomethane-hydrochloride, pH 7.9; 1 mM ethylenediaminetetraacetate; 5 mM 0-mercaptoethanol; 0.30 mg of p-tolylsulfonylfluoride per ml, and 15% glycerol.
Assay for RNA polymerase. The assay mixture for RNA polymerase consisted of 40 mM tris(hydroxymethyl)aminomethane-hydrochloride, pH 7.9; 10 mM MgCl2; 0.4 mM KH2P04; 4 mM fl-mercaptoethanol; 150 mM KCl; 0.50 mg of bovine serum per ml; 0.25 mM each of adenosine 5'-triphosphate, uridine 5'-triphosphate, cytidine 5'-triphosphate, and guanosine 5'-triphosphate; 1 Probable map order: cys-rnp-ery a The Cys-and Eryr phenotypes are the result of lesions in loci cysA and ery, respectively, which are linked. rnp is the designation given to the locus whose mutation resulted in the Rifr phenotype.
b The nonadditivity of the mapping data may be attributed partly to the assumption that A 'BO = A°B1 for the Cys-Rif and Cys-Ery pairs, and partly to interference phenomena. Cys+ transformants were selected and tested for resistance to erythromycin and rifampin. Map distance (MD) was calculated from the co-transfer index supplementing the medium. It is interesting, for example, that in minimal medium at 45 C the wild type grew at 75% the rate of the mutant. Supplementation of the medium with seven amino acids caused a 14% increase in the growth rate of the mutant but a 45% increase in growth rate of the wild type. These studies were carried out with several rnp-1 bearing strains to eliminate the possibility that these growth aberrations were unique to one strain.
Heat stability of RNA polymerase. A cursory study of the enzymes purified to the BioGel stage revealed little difference in heat sensitivity between parent and mutant enzymes, except for the absence of the slight stimulation seen in the wild-type preparations at early heating time (Fig. 2) .
Effect of amino acids on sporulation in SM medium. The finding that sporulation in the mutant was deficient in SM medium but normal in DDS medium prompted an investigation of the ability of common medium constituents to restore the sporulation frequency to normal in SM medium. Of all the amino acids, purines, pyrimidines, and vitamins tested, only four amino acids had a significant effect. It is seen from Table 4 that methionine, arginine, isoleucine, and valine were able to stimulate sporulation significantly in NS22. All four amino acids increased the sporulation frequency to almost 85%. Other amino acids when used singly elicited no more than a 10% increase in sporulation after 48 h. It is of interest that arginine was the only amino acid that elicited a response which was characterized by completion of sporulation by 24 h. All amino acids were of the L form.
Rifampin sensitivity of RNA polymerase under various conditions of growth and sporulation. Because expression of the asporogenous phenotype was contingent upon the medium tested, it was thought that the rifampin-resistant phenotype might also be contingent upon these same conditions. A study was carried out therefore of the rifampin response of RNA polymerase taken at different stages of purification and from cells growing or sporulating under various conditions. The results are shown in Table 5 . It is evident that the rifampin-resistant character of the enzyme was conserved under all the conditions tested.
Extracellular protease and esterase activities. Because of the amino acid requirement for sporulation in SM medium, it was thought that protease activity of the mutant might be altered. An examination was made of extracellular activity as a function of growth or sporulation. Little difference was found between NS2 and the wild type with respect to extracellular protease and esterase activities.
There still remains the strong possibility, however, in view of the recent findings of Reysset and Millet (16) and Orrego et al. (15) , that an intracellular protease, formed during sporulation, is affected in the mutant. We have not yet examined this possibility.
Electron microscope studies. Previous studies of the mutant NS2 using hybridization-competition analysis of RNA synthesized during sporulation suggested that the block in sporulation in SM medium occurred certainly prior to t2 and probably prior to t, (7). An isogenic strain was constructed (strain NS34) by transformation of strain NS301. These strains were used for Heat stability ofpurified RNA polymerases from NS2 and 168wt. A 37-pug amount of the Bio-Gel fraction of enzyme extracted from 168wt vegetative cells and 41 ug of the Bio-Gel fraction of enzyme extracted from NS2 vegetative cells were heated at 56 C for the indicated time, chilled, and assayed as described in Materials and Methods using *e DNA as template (except that the reaction mixtures were preincubated at 34 C for 10 min before adding to the enzyme). Initial reaction rates were linear with respect to time of reaction up to 15 min with this procedure. electron microscopy. The pictures which we present here (Fig. 3A and B) confirm the early nature of the block. Interpretation of these pictures is complicated by the recent report that axial filament formation, hitherto considered an early stage in sporulation, may be an artifact (12) induced by osmotic trauma when cells are resuspended in the SM medium. We have never observed any sporulation septa formation in NS2, however, indicating that the block is certainly prior to t2, in confirmation of our earlier findings (7) .
DISCUSSION
The foregoing results pose the interesting problem of a mutant which contains all the information to make its own amino acids during vegetative growth but, because of a single mutational event in the RNA polymerase gene, Growth rate studies have revealed that the mutant, under conditions requiring it to make its own amino acids from medium constituents, grew more rapidly than the wild type at higher temperature. This observation suggests that the constituent which is limiting during sporulation is made in excess during vegetative growth in wild-type cells but not in the mutant. This circumstance provides the mutant with a growth advantage under conditions in which an excess of the constituent in question is not needed.
The loss of sporulating ability of the mutant apparently involves two parameters: the sporulation frequency and the sporulation rate. Arginine, in contrast to the other stimulatory amino acids, appears to influence both of these parameters (Table 4) . Valine, isoleucine, and methionine increase the sporulation frequency, but have little effect on the time required for completion of sporulation. These three amino acids are all in the aspartate biosynthetic group in contrast to arginine which arises from glutamate. The metabolic unrelatedness of the amino acids is puzzling.
The available evidence does not permit a clear identification, at present, of the biochemical basis for the inability of the mutant to sporulate in SM medium. Recent observations in this laboratory have revealed that a significant percentage of spontaneous Rifr mutants has the conditional phenotype (unpublished observations).
The question of how certain amino acids satisfy the sporulation requirement of this mutant permits several possibilities. The amino acid deficiency may be the result of decreased proteolytic activity. This possibility has not been ruled out by the findings presented herein that exoprotease activity in the mutant and wild type are identical. Alternatively, the amino acid biosynthetic enzymes may underproduce, creating a need for exogenous amino acids during periods of demand. Yet another possibility may stem from a reduced ability of the cell to utilize amino acids for protein synthesis because of reduced production of a component of the translation mechanism. Again, this may not be manifest until sporulation begins and may be overcome by adding amino acids to the medium. An alteration of transcriptional specificity or capacity is probably the basis, ultimately, for the amino acid requirement, whatever the immediate cause. Such an alteration has been observed for the case of this mutant as evidenced by a reduced ability of the polymerase to undergo a change in template specificity in DDS medium, a medium in which it sporulates normally (14) .
